The contributions of the internal nitrogen (N) cycle and N uptake from soil to growth in mature trees remain poorly understood, especially during reproduction. In order to elucidate how reproduction affects N uptake, allocation and remobilization, we applied pulse 15 N labelling to three fruiting (F) and three non-fruiting (NF) Fagus crenata Blume trees after the leaves were fully unfurled. into nuts started to increase dramatically once 15 N excess in leaves, branches and cupules hit seasonal maxima. Similar seasonal biomass growth patterns were also found in these organs, indicating that sink strength drives uptake and allocation of 15 N excess between new shoot compartments. These results, together with translocation of 15 N excess from cupules and senescing leaves to nuts (contributing to fruit ripening), suggest that a finely tuned growth phenology alleviated N limitation. Thus, fruiting did not influence the N concentration in leaves or branches. These reproduction-related variations in N uptake and allocation among new shoot compartments have implications for N dynamics in the plant-soil system.
Introduction
Availability of nutrients is one of the most important factors limiting the growth and development of plants. To cope with nutrient limitation, perennial plants have evolved specific features for the uptake and management of nitrogen (N) in relation to growth phenology (Millard 1996 , Millard and Grelet 2010 , Rennenberg and Schmidt 2010 . In deciduous tree species, N withdrawn from senescing leaves in autumn is stored in woody organs and remobilized for new growth early in the next growing season (Weinbaum and Van Kessel 1998 , El Zein et al. 2011 , Jordan et al. 2014 . In reproductive trees, however, N translocation from leaves and branches also contributes to fruit ripening in autumn (Miyazaki et al. 2002 , Han et al. 2011 , which would reduce the amount of stored N if there was no additional uptake from the soil. This, therefore, raises the question of whether reproduction can enhance N uptake from the soil.
Mast seeding or masting, referring to the synchronous intermittent production of large seed crops in a population of perennial plants, is characteristic of many species including tropical trees, temperate forest trees and herbs (Kelly 1994, Kelly and Sork 2002) . In masting species, N allocated to ripe seeds is equivalent to the amount required to build the whole tree crown in masting years (Yasumura et al. 2006 , Han et al. 2008 , indicating that masting consumes substantial N resources and N acquisition is the key to reproductive and regenerative success. In this respect, there are increasing direct empirical data indicating that N dynamics may play a mechanistic role in mast seeding species (Han et al. 2008 , Sala et al. 2012 , Miyazaki et al. 2014 . Therefore, assessing competition for N resources between vegetative and reproductive growth and the relative contribution of current N uptake from soil and N remobilized from internal N storage to both vegetative and reproductive organs in mature trees could not only provide an insight into N dynamics but could also further our understanding of the mast seeding phenomenon. This issue has been mainly studied in orchard species with a generous nutrient supply from the soil (Birkhold and Darnell 1993 , Muñoz et al. 1993 , Tagliavini et al. 1997 , whilst little research has been conducted in natural forests that often experience nutrient limitation.
Isotopic 15 N labelling is a basic approach to discriminate the two N sources (either internal storage or current root uptake) for new growth in small trees; however, there are some challenges to applying this method to mature trees at the forest scale (El Zein et al. 2011) . Despite the difficulties, we were able to use this approach to evaluate, qualitatively, reproduction-related variations in N dynamics in a 90-year-old Fagus crenata Blume forest. We conducted 15 N labelling of the soil surface after full leaf unfurling and traced the 15 N in all new shoot organs in both fruiting and non-fruiting trees. The effect of fruiting on seasonal N dynamics can be qualitatively evaluated by comparing the difference in both N concentration and 15 N signals between the two specimens to exclude the influence of environmental factors on the seasonal N cycle (Millard and Grelet 2010 During the period 1979-2011, the mean annual precipitation and temperature were 2222 mm and 11.5°C, respectively, recorded at a nearby meteorological station (36°56'N, 138°49′ E, 340 m a.s.l., Japan Meteorological Agency). Snowfall occurs between November and April and the snow accumulates on the ground to a depth of 3-4 m. The seasonal rainfall pattern in 2011 is presented in the Supplementary figure, available as Supplementary Data at Tree Physiology Online, with a heavy rain event associated with Typhoon Ma-on at the end of July.
Three fruiting and three non-fruiting trees (hereafter F and NF, respectively), with stem DBHs of 267, 271 and 376, and 249, 264 and 280 mm, and tree heights of 22.6, 21.6 and 18.6, and 21.8, 21.3 and 23 .9 m, respectively, were selected for the labelling experiment in 2011. The six trees were situated within a 14 m × 6 m area. Litter and sparse understory plants were not removed from the soil surface to minimize disturbance. Tree Physiology Online at http://www.treephys.oxfordjournals.org
Branch sampling
Sampling started on 29 March, before swelling of the winter buds, and continued at about 2 week intervals until leaf fall. During each sampling campaign, two branches, representing the previous 3 years of growth, were taken from the upper parts of each tree crown using a mono-ladder that had been installed along the main trunk to the base of the crown, and with the aid of a 6 m telescopic pruner. In addition, samples were collected from two F and three NF surrounding trees without 15 N labelling to confirm any effect of labelled 15 N on N availability. All samples were immediately placed in a cool box and transported to the laboratory under cool conditions within a day. In the laboratory, each branch was separated into leaf, current-year branch, 1-to 3-year-old branch, cupule, nut and bud. Fruiting rate, represented as the numbers of fruit per current-year shoot, averaged for 3-year-old branches throughout the whole growing season, was 0.84, 1.19 and 0.64 in the three F trees. All samples were stored at −80°C until lyophilization. All samples were lyophilized for 48 h and the dry mass was recorded for each organ. For chemical analyses, each sample was ground into a fine powder in a steel ball mill (MM400, Retsch, Haan, Germany).
Nitrogen and 15 N analyses
Total N concentration of the fine powder derived from the various organs was measured after combustion in a CHN Analyzer (Vario Max CN, Elementar, Hanau, Germany).
15
N isotopic abundance from the same fine powders was measured on an elemental analyser (NC 2500; CE Instruments, Milan, Italy) coupled to an isotope ratio mass spectrometer (MAT252; Thermo Electron, Bremen, Germany). DL-α-alanine (δ 15 N = 5.0‰) was used as the running standard for data calibration. The standard deviation for four replicate combustions of the same standard within a sequence was 0.20‰. Labelled 15 N was not detected in any organs sampled on 1 June, the day following application (see Figure S2 available as Supplementary Data at Tree Physiology Online). Therefore, the labelling-derived 15 N content per organ dry mass ( 15 N excess , in μg g −1 ) is calculated as follows: where DM is the dry mass of a specific organ compartment on new shoots averaged from 3-year-old branches.
Statistical analyses
The fixed effects of reproduction (Fruiting: F/NF), sampling day (Day, as a categorical variable) and their interaction on all dependent variables measured were evaluated. Because all dependent variables were collected from the same individuals repeatedly, a generalized linear model (PROC GLIMMIX in SAS/ STAT 9.4, SAS Institute, Cary, NC, USA) was used. The errors associated with the dependent variables were assumed to follow a negative binomial distribution for the number of fruits per shoot and a log normal distribution for dry mass, 15 N exces and N. To evaluate the significances of the fixed effects, type III tests (Wald-type tests) were performed, and the degrees of freedom of the denominator were approximated using the method of Kenward and Roger (1997) . Since none of the interaction terms was significant at P < 0.05, the main effects were all analysed in the models.
Results
Labelled 15 N was not detected in any organs sampled on the day following application and labelling strength differed significantly between individuals irrespective of fruiting (see Figure S2 , Figure S3 , Table S2 available as Supplementary Data at Tree Physiology Online), indicating that labelled 15 N had no fertilization effect. Therefore, the differences in 15 N uptake and allocation between F and NF trees are due to the presence or absence of the reproductive activity in the current year.
Seasonal growth in new organs
In 2011, bud burst was observed and green leaf organ was visible on 26 April in F trees but not NF trees. Male and female flowers were present on 11 May, fruits set on 20 May with a visible seed coat, and obvious seeds and cupules were observed on 1 June (Figure 1 ). Both reproductive organs (seeds and cupules) and vegetative organs (leaves and current-year branches) exhibited rapid biomass growth until 1 July (Figure 2 ). Biomass reduction in cupules and nuts per shoot was observed after September because of a reduction in the number of fruits, although the reduction was not statistically significant ( Figure 1 , Table 2 ). In NF trees, about 80% of new growth, estimated at current-year shoot level averaged from 3-year-old branches, was allocated to leaves ( Figure 2) . In F trees, in contrast, up to 70% of new growth was distributed to fruits (both nuts and cupules), which resulted in lower biomass distribution to leaves and buds in comparison with NF trees, although the difference was not statistically significant (Table 2) . Total new biomass growth per shoot was about twofold higher in F trees than in NF individuals (Figure 2e ). Table 2 ). The same was the case for 15 N excess per dry mass of whole shoots, although it was 70% higher in NF than in F in the middle of the growing season. Nuts had a relatively constant N concentration of 1.22% until 28 July and thereafter exhibited a dramatic increase to 2.82% in ripe nuts (see Figure S3e available as Supplementary Data at Tree Physiology Online). Cupules exhibited a slow reduction in N concentration from 1.31% on 1 June to 0.37% on 14 October. Fruiting had less influence on N concentrations of either leaves or current-year branches (see Figure S3 , Table S2 available of N in new shoots was higher in F trees than in NF individuals up to 1 July, by which time it reached the seasonal maximum value in F trees ( Figure 5 ). In contrast, the total amount of N in NF individuals hit the seasonal maximum value on 28 July. Total N in cupules had already reached its seasonal maximum value on 1 June, remaining stable until 25 August then declining thereafter. In contrast, the amount of N in nuts increased slowly between 1 June and 1 July, after which time it remained stable until 28 July; thereafter, it increased quickly again until 25 August. Although it was not statistically significant, total N in leaves of F trees was lower than that of NF trees (Table 2) , and both diminished during leaf senescence. Nitrogen in currentyear branches and buds did not differ between F and NF trees.
Seasonal variations in

Discussion
Although reproduction has long been thought to influence N uptake and its allocation between vegetative and reproduction Table 2 .
Tree Physiology Volume 37, 2017 organs, direct empirical data for mature forest trees is lacking. For F. crenata, 15 N pulse labelling of both F and NF trees demonstrated that reproduction enhanced 15 N uptake from soil.
All new organs of F trees (leaves, branches, cupules and nuts) accumulated 15 N more quickly, but the amount of 15 N excess differed between organs depending on biomass growth phenology. Cupules were initially a stronger sink for 15 N and nuts contained about half of 15 N excess at the end of the season.
Compared with NF trees, the amount of both 15 N excess and total N in leaves was lower in F trees due to fruit load. In contrast, the total amount of N in the sum of all new organs at current-year shoot level did not differ between F and NF trees. Together with different seasonal biomass growth and N variation patterns in different organs, these results indicate that finely tuned growth phenology maintained the balance between N supplies and demands and thus alleviated N limitation during a masting event in F. crenata.
N excess uptake driven by sink strength
During the first month after application, 15 N excess incorporated into new shoots in F trees was 2.5-times higher than in NF trees.
The greater 15 N excess uptake may be a consequence of higher biomass growth due to fruit burden, as found in orchard species (Birkhold and Darnell 1993 , Muñoz et al. 1993 , Jordan et al. 2014 . Similarly, cupules had higher biomass and 15 N excess than leaves in F trees on 16 June. In fact, the distribution of N into each organ is strictly controlled by sink activity (El Zein et al. 2011 , Kalcsits et al. 2014 . Nut 15 N excess content started to increase rapidly from 28 July when growth of other organs ceased. This rapid growth stage has previously been documented on the basis of an increase in protein N during seed ripening in the same species (Hashizume 1979) . Although nut N concentration and its 15 N excess per dry mass continued to increase after 25 August, the total amount of 15 N excess and N in nuts on each new shoot did not increase concomitantly. This inconsistency was driven by biomass dynamic differences as a result of scale size. On a single nut basis, dry mass increased 50% after 25 August, as we reported previously for the same individuals . On a new shoot basis, however, biomass of both nuts and cupules decreased because of fruit drop, which was caused by insect predation (data not shown). Therefore, both 15 N excess and total N in nuts on new shoots did not increase. Nevertheless, these findings imply that nuts were the largest N sink during nut ripening, and N uptake from the soil contributes greatly to fruits since about half of 15 N excess for each new shoot was ultimately recovered in ripe nuts at the end of growing season. Moreover, it should be taken into account that isotopic signals from the pulse labelled N applied to the forest floor may decay gradually over time and may thus underestimate the contribution of N uptake from soil to nuts.
Nitrogen limits mast seeding
Biomass of reproductive organs represented up to 70% of new shoot growth. Consequently, this fruiting burden resulted in a Table 2 . (Miyazaki et al. 2002 , Han et al. 2011 ; these effects are well-documented as the cost of reproduction due to resource limitation (Obeso 2002) . The amount of 15 N excess and N in leaves from F trees was lower than from NF individuals. Moreover, the increment of 15 N excess in F trees relative to NF trees was lower in comparison with the increment of biomass between the two specimens. In our previous report about the same individuals, we showed that replenishment of starch in branchlets after bud break is not influenced by fruiting despite a decrease in the available photo-assimilates because of reduced leaf area . Therefore, carbon is unlikely to be the limiting resource for masting events (Hoch et al. 2003 , 2013 , Körner 2003 , but N is. This inference agrees with previous studies in both deciduous and evergreen masting tree species (Sala et al. 2012 , Han et al. 2014 , Miyazaki et al. 2014 , Abe et al. 2016 . It is worth noting that N concentration decreased in both senescing leaves and cupules before leaf fall. In addition, a reduction in 15 N excess partitioned to leaves and cupules occurred concurrently with the proportional increase in nuts. Translocation of N from leaves and woody organs has been known to contribute to nut maturation (McDowell et al. 2000 , Miyazaki et al. 2002 , Han et al. 2011 ). This study suggests that 15 N excess remobilized from cupules of the same shoot also contributes to nut ripening. Moreover, N translocation from neighbouring non-fruit-bearing branches (both leaves and woody branches) to nuts may have occurred, as previously found in Fagus sylvatica L. and Styrax obassia Sieb. et Zucc. (Miyazaki et al. 2002 , Han et al. 2011 ). These results provide more evidence that N is a limiting resource for masting events.
Fine-tuned growth phenology alleviated N limitation
The peak date for 15 N excess recovered in leaves, current-year branches and cupules was 28 July. This generally agreed with the date when organ biomass increment ceased at shoot level in this study and at the single organ basis in our previous investigation of the same individuals . During this period, the biomass of a single nut is only one third that of a ripe nut , and the biomass of nuts on a per shoot basis remained stable between 1 July and 28 July, by which time 15 N excess and total N allocated to nuts was about 12% of the sum of all new shoot organs. On the other hand, nut 15 N excess and biomass increased significantly after 28 July, by which time biomass growth of leaves, cupules and current-year branches had ceased. Similarly, winter buds started to grow quickly from 25 August when the amount of both 15 N excess and N in nuts at the currentyear shoot level reached its seasonal maximum value. At the end of growing season, the amounts of 15 N excess and total N in ripe nuts amounted, respectively, to 40% and 50% of the sum of all new shoot organs. Together with 15 N excess translocation from senescing leaves and cupules to nuts, these results indicate that a finely tuned growth pattern, along with N uptake and allocation among new organs, maintained the balance between N demands and supplies and thus alleviated N limitation in F. crenata. Therefore, N concentrations in leaves and branches of F trees were similar to those from NF individuals over the whole growing season. These reproduction-related variations in N uptake and allocation to various organs for new growth have implications for N dynamics in the plant-soil system.
Supplementary Data
Supplementary Data for this article are available at Tree Physiology Online. Table 2 .
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